ABSTRACT We have observed the opening and closing of single batrachotoxin (BTX)-modified sodium channels in neuroblastoma cells using the patch-clamp method. The conductance of a single BTX-modified channel is -10 pS. At a given membrane potential, the channels are open longer than are normal sodium channels. As is the case for normal sodium channels, the open dwell times become longer as the membrane is depolarized. For membrane potentials more negative than about -70 mV, histograms of both open-state dwell times and closed-state dwell times could be fit by single exponentials. For more depolarized potentials, although the open-state histograms could still be fit by single exponentials, the closed-state histograms required two exponentials. This data together with macroscopic voltage clamp data on the same system could be accounted for by a three-state closed-closed-open model with transition rates between these states that are exponential functions of membrane potential. One of the implications of this model, in agreement with experiment, is that there are always some closed BTX-modified sodium channels, regardless of membrane potential.
INTRODUCTION
Batrachotoxin (BTX), which is produced by the Colombian frog Phyllobates aurotaenia, is one of the most potent and specific activators of sodium channels. BTX-modified sodium channels activate at much more hyperpolarized potentials than do normal sodium channels Narahashi et al., 1971; Albuquerque et al., 1973; Khodorov, 1978) and do not exhibit either fast or slow inactivation (Khodorov, 1978; Huang et al., 1982) . Thus BTX-modified sodium channels open persistently at the resting membrane potential. Therefore, in the presence of BTX, the isotope flux method can be used to probe the properties of sodium channels and to study the interactions between various pharmacological agents. Flux experiments carried out in cultured neuroblastoma cells indicate that BTX binds to the same receptor site as several other alkaloid toxins, such as veratridine and aconitine (Catterall, 1975; Catterall, 1977) , but that the BTX receptor site is distinct from receptor sites for tetrodotoxin (Catterall, 1975) , scorpion toxin (Catterall, 1977) , and some local anesthetics (Huang and Ehrenstein, 1981) .
A detailed voltage-clamp analysis of the action of BTX on these cultured neuroblastoma cells (Huang et al., 1982) indicated that BTX modifies sodium channels by (a) shifting the conductance-voltage curve -50 mV in the BIOPHY. J. Biophysical Society * 0006-3495/84/01/313/10 Volume45 January 1984 [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] hyperpolarizing direction with no change in its shape; (b) shifting the rn-voltage curve -50 mV in the hyperpolarizing direction with a sixfold increase in the maximum value of Tm; (c) changing the activation kinetics to first order; (d) eliminating fast inactivation; (e) eliminating slow inactivation.
One of the interesting properties of BTX-modified sodium channels is that its activation follows simple firstorder kinetics, in contrast to the sigmoidal time course of normal sodium channels. Experiments on the gating properties of sodium channels (Armstrong and Bezanilla, 1977) , on the single-channel behavior of sodium channels (Sigworth and Neher, 1980) , and on the kinetics of sodium current after removal of inactivation (Oxford, 1981; Patlak and Horn, 1982) suggest that, upon depolarization, resting sodium channels must pass through several closed states in order to reach the open state. The first-order kinetics observed in the BTX-modified sodium channel under voltage clamp is consistent with a two-state (a closed state and an open state) kinetic model. An alternative possibility is that the BTX-modified sodium channel has additional states, that the overall reaction rate is a sum of exponentials with different weightings, and that the pattern of transition rates is such that one of the exponential components tends to dominate, as we previously suggested (Huang et al., 1982) . If there are additional states, they are more likely to be found by studying the opening and closing of single channels, because this allows the separation of the opening and closing processes.
We have studied the properties of BTX-modified sodium channels using single-channel techniques to obtain a better kinetic model and to determine how the fundamental transition rates vary with membrane potential. The model we seek must account for both the single-channel data and the macroscopic voltage-clamp data obtained with the same preparation (Huang et al., 1982) . An additional goal is to gain some insight into the mechanism for the action of BTX and other channel-opening drugs.
An important advantage of studying the BTX-modified sodium channel is that it does not inactivate. Because the normal sodium channel inactivates with time, singlechannel activity can only be elicited and measured during a short voltage pulse. Furthermore, the activation of normal sodium channels is coupled with inactivation (Goldman and Schauf, 1972; Armstrong and Bezanilla, 1977) , and the time course of these two processes overlap (Aldrich et al., 1982; French and Horn, 1983) . Thus it is very difficult to accurately determine activation parameters when inactivation is present. Because the BTX-modified sodium channel does not inactivate, it is possible to measure singlechannel behavior at each membrane potential under relatively simple conditions for relatively long continuous periods. Quandt and Narahashi (1982) have studied singlechannel properties of sodium channels in the presence of BTX. They found that BTX prolongs the open state of the channel and decreases its single-channel conductance. In this paper, we report the voltage-dependence of opening and closing rates for a saturating concentration of BTX. This avoids the ambiguities and inaccuracies that may arise in resolving single-channel records of mixtures of normal and BTX-modified sodium channels. Only patches containing one channel were analyzed. Preliminary results of these studies have appeared in an abstract (Huang et al., 1983) .
METHODS

Materials
The media and chemicals used were obtained from the following sources: Dulbecco-Vogt modification of Eagle's Minimal essential medium (DMEM) and newborn calf serum were from Grand Island Biological Company (Grand Island, NY sodium channels at resting potential, the internal sodium ion concentration increases during this preincubation period until it is equal to the sodium ion concentration in the bath. Independent measurements of membrane potential using microelectrodes indicated that the resting potential is -0 mV.
An extracellular patch-clamp system from List Electronics (West Germany) was used to record the single-channel current. The patch electrode was fabricated according to the method of Hamill et al. (1981) and was coated with wax. The tip diameter of the electrode was <1 Mm and its resistance was 3-5 Mg . The solution in the patch pipet was the same as the external solution. The potential was measured using Ag/ AgCl electrodes from W. P. Instruments, Inc. (New Haven, CT).
The culture dish was mounted on the stage of a phase-contrast microscope. The single-channel current was recorded by establishing a gigaohm seal 
RESULTS
Single-channel Conductance of BTX-modified Sodium Channels
Because BTX eliminates inactivation of sodium channels, we were able to record relatively long trains of channel events under steady-state conditions. Fig. 1 individual opening and closing events at one particular membrane potential is shown in Fig. 2 . The experimental data are reasonably fit by a Gaussian distribution curve. Similar curves were obtained for each experimental membrane potential, and the mean current corresponding to each potential was determined. The mean currents are plotted as a function of membrane potential in Fig i.
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tiEt8M E PPOTENTIAL -mV FIGURE 3 Current-voltage curve of single-channel current jumps. Symbols: experimental data. Curve: fit with unit conductance = 10.7 ± 0.7 pS and reversal potential = 4.1 ± 4.6 mV.
The conductance of the BTX-modified sodium channel obtained from the slope of this curve is -10 pS.
Histograms for Opening and Closing Rates In this paper we have analyzed only those records where a single channel was present in the patch, as evidenced by the absence of two simultaneously open channels. This avoids ambiguity in deciding which channel opened or closedinformation needed to obtain dwell-time histograms.
For both open dwell times and closed dwell times, histograms of the cumulative number of events longer than time t are shown as a function of t in Fig. 4 . The cumulative histograms are integrals of the dwell-time histograms, and should be exponential if the dwell times are exponentially distributed. The reason for plotting the cumulative histograms rather than the dwell-time histograms is simply to utilize the additional smoothing inherent in integration. Fig. 4 shows dwell times in the open state and in the closed state for two different membrane potentials. In three of these four cases, the data can be fit by a single exponential; in the other case, the sum of two exponentials is required to fit the data. In our experiments, singleexponential fits were found for open-state dwell times (corresponding to closing rates) at all membrane potentials. For closed-state dwell times (corresponding to opening rates), single-exponential fits were found for relatively negative membrane potentials (<-70 mV), but the sum of two exponentials is required to fit the data for relatively positive membrane potentials.
For each experiment, cumulative histograms for open dwell-times and for closed dwell-times were plotted and were fit to one exponential or to the sum of two exponentials, as required. All of the experimental closing rates are shown on a logarithmic scale as a function of membrane potential in Fig. 5 For the same kinetic model, the single-channel microscopic closing rate is simply equal to the transition rate, A. There are two microscopic opening rates, and these are related to the transition rates as follows (Colquhoun and Hawkes, 1981) XX,X2 = 1/2[ + y + a ± V(a + y + b) -4ay]. (2) This relation is the same as the relation for the macroscopic rates for the special case that ,B = 0. The reason for this is that the microscopic opening rates, as determined from the closed-time histograms, correspond to a process that does not consider the fate of a channel after it opens.
HUANG ET AL. Single BTX-Modified Sodium Channels Q Our plan was to determine transition rates a, (, y, a as a function of membrane potential from the single-channel data. Then we compared macroscopic predictions based on these transition rates and the three-state model with experimental macroscopic data. The transition rate a was determined directly from Fig. 5 . The transition rates a, y, and 6 were obtained from the data of Figs. 6 c, 7, and 10 using Eqs. 2, Al 1, and Al2. All four transition rates are tabulated in Table I . A graphical description of these rates for Experiment JUL 23.6A is shown in Fig. 8 .
Prediction of Macroscopic Relaxation Rates and Relative Conductance
Next we want to use the three-state model with the transition rates determined from the data in Figs. 5-7 and Fig. 10 to predict the dependence of the macroscopic relaxation rates on membrane potential. Because the three-state model in general gives the sum of two exponentials for the macroscopic relaxation rate, it is necessary to consider the expression for the ratio of the amplitudes of the macroscopic rates (cf. Eq. Al 9) as well as the expression (Eq. 1) for the rates themselves.
When the values of the transition rates determined from microscopic data (cf. Fig. 8 Fig. 1 ) is shown as a function of membrane potential by the experimental points in Fig. 10 
Usefulness of the Single-Channel Studies
The single-channel conductance that we measured for BTX-modified sodium channels in neuroblastoma cells is 10 pS. By comparison, Khodorov et al. (1981) reported a value of 2-3 pS in frog node based on noise measurements and Quandt and Narahashi (1982) reported a value of 2 pS in neuroblastoma cells based on single-channel measurements. This apparent discrepancy may be due to the higher concentration of calcium used in those studies which found lower conductance, especially in view of the effect of increased calcium on rectification of the single-channel current-voltage curve recently reported by Yamamoto et al. (1983) . Khodorov et al. (1981) and Quandt and Narahashi (1982) used 1.5-1.8 mM calcium, whereas we used 0.5 mM calcium. In addition to providing a measurement of the conductance of a single channel, the single-channel method has several other advantages. One of these is that it provides an opportunity for determining the variability of the channel parameters. As shown in Fig. 5 and Table I, the most variability was found in the amplitude of the transition rate, f,. We do not know whether this variability is related to variations between cells or whether there are large variations in channel properties even within the same cell. This is an interesting area for future investigation.
The present study of the single-channel kinetics of the BTX-modified sodium channel shows that, in the depolarized region, there is a second exponential opening rate with relatively small amplitude. It is interesting to note that the ability to detect this second exponential depends both on the single-channel method and on the large number of events that can be analyzed with a system whose recording time is several orders of magnitude longer than the channel opening or closing time. By contrast, the rates of EIM channels are about three orders of magnitude slower than the rates of sodium channels, and relatively few EIM channel events were analyzed for each experiment (Ehrenstein et al., 1974) . Thus, departures from a two-state model comparable in magnitude to those reported here might not have been detected.
The observation of the second exponential in the closedtime histograms led to a three-state model. As shown in Fig. 9 , the three-state model, together with parameters determined from single-channel data, provide a reasonable qualitative fit to the macroscopic relaxation times. The main discrepancy is that the minimum of the predicted curve is shifted -15 mV toward positive potentials. Part of this discrepancy may be caused by the difficulty in making absolute voltage measurements with a cell-attached patch clamp. From our microelectrode measurements of resting potentials in cells without patch electrodes, we estimate the uncertainty of absolute potential to be <10 mV. Another part of the discrepancy may be caused by the variability of the transition rates from channel to channel. In any event, both the amplitude of the theoretical curve and its general shape are consistent with the experimental macroscopic data.
As shown in Fig. 10 , the voltage dependence of the fraction of channels in the open state has the same general shape as the macroscopic conductance-voltage curve (Huang et al., 1982) . As in Fig. 9 , the main discrepancy in Fig. 10 is that the curve based on single-channel data is shifted toward positive potentials.
Although there is reasonably good agreement between the single-channel and macroscopic data, it is important to note that only the single-channel (microscopic) data provided information about the existence of the third state and its properties. The macroscopic data alone could be fit by a two-state model as well as by the three-state model.
Exponential Voltage Dependence of Transition Rates
The single-channel data shown in Figs. 5 and 6 were fit with the C-C-O model and the transition rates shown in Fig. 8 . These transition rates were all chosen to be exponential functions of membrane potential because of the form of some of the experimental data. The good fits in Figs. 5, 6, 7, 9 , and 10 provide stronger support for these choices.
An exponential voltage dependence is what would be expected if the energy difference between discrete states of the channel corresponded simply to the energy of charge movement. An exponential voltage dependence of transition rates between states may, in fact, be a general feature of electrically excitable channels. For example, it corresponds to the results of previous work on a voltage-gated channel (EIM) in bilayers for the simpler case of a two-state model (Ehrenstein et al., 1970; Ehrenstein et al., 1974) . Although we cannot rule out the C-O-C model, we prefer the C-C-O model. The reason for our preference is that the C-C-O model leads to transition rates that are simple exponential functions of membrane potential and have a simple physical interpretation, as discussed above. By contrast, the transition rates calculated from the C-O-C model are complex functions of membrane potential.
Significance of C-C-O Model
From the slopes of the curves in Fig. 8 , we can estimate the charge movement between the states of the C-C-O model. From the middle closed state to the open state, about four charges cross the membrane, in rough agreement with our estimate of five charges from the macroscopic data (Huang et al., 1982) . From the middle closed state to the other closed state, the number of charges crossing the membrane is also about four. In addition, the direction of movement of the charges in leaving the middle closed state is the same regardless of whether the transition is to an open state or to a closed state. This implies that at hyperpolarized membrane potentials, the middle state in the C-C-O model is preferentially populated relative to the other closed state. By contrast, evidence from kinetic measurements and from gating charge measurements indicates that for normal sodium channels the closed states furthest from the open state are preferentially populated at hyperpolarized membrane potentials (Armstrong and Bezanilla, 1977; Armstrong and Gilly, 1979) . Fig. 10 shows another implication of the C-C-O model. The fraction of channels that is open increases with increasing voltage, but saturates at -80%. Also, the BTXmodified channel amplitude is about 70% of the unmodified channel amplitude (unpublished observations). Therefore, BTX would be expected to reduce the macroscopic sodium current by -50%. Indeed, voltage clamp studies show that BTX causes -50% reduction in maximum sodium current (Huang et al., 1982) . For other alkaloid neurotoxins, such as aconitine and veratridine, the maximum sodium current is even more reduced (Campbell, 1982 By writing the rate equations for this system in terms of fj, we can obtain a homogeneous set of equations, since f, + f 2 + f3 = 0- The eigenvalues, A, for these equations can be found by solving the characteristic equation (Bellman, 1953) . XA,2 = '/2 [a + y + a ± V(a + y + 6)2 -4ay] (A4)
The coefficients a,j can also be found by standard methods (Bellman, 1953) 
For the opening-rate histogram, the opening rate is proportional to F2 (which is equal to f2). For the cumulative opening-rate histogram, we must consider the time integral of f 2(t) from t to 0. SODIUM CHANNELS
